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SUMMARY

The determination of the loads on and behavior of shallow-buried arch

structures is complicated by the geometry of the arch and by the existence of

soil-structure interaction effects. A common approach to the analysis of

buried arches is to idealize the structure as a lumped parameter single-

degree-of-freedom (SDOF) system. The parameters which must be assumed for

input into the SDOF model include a loading function and a structural -

resisLanae-deflection relationship.

The applied load on a buried arch due to overpressure at the ground sur-

face includes a radial and a tangential component. The radial component can

be measured experimentally; however, there seem to be no available transducers

to measure the tangential component or interface friction.

Two 1/12-scale model reinforced concrete arches were tested statically in

a sand backfill. The arches were semicircular with an inside radius of I foot

9 inches and a thickness of 2 inches. One arch was covered with two layers of

1/32-inch-thick Teflon at the soil-structure interface to significantly reduce

the interface friction, and the loading and behavior of the two arches were

compared. Pretest finite element calculations were conducted to estimate the

arch behavior. 0

Based on both the experimental data and posttest calculations, it appears

that interface friction on a shallow-buried arch has an effect on its behav-

ior, at least for the case of static loads. The load path at sections in the

arch with a lower friction coefficient at the interface tended more toward •

pure compression than it did in the other arch.
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STATIC TESTS OF SHALLOW-BURIED REINFORCED CONCRETE ARCHES

SECTION 1

INTRODUCTION

1.1 BACKGROUND

Reinforced shallow-buried, concrete arch structures are often used in

protective construction applications. Structures designed to resist the

dynamic loads produced by nuclear detonations are expected to undergo signifi-

cant inelastic deformations. The determination of the loads on buried struc- *
tures is complicated by the geometry of the arch and by the existence of soil-

structure interaction effects (SSI). Due to SSI the structure and the soil

act as a synergistic unit, and it must be determined how the loads which act

on the buried structure are influenced by this interaction between the struc-

ture and the surrounding soil. Advances in finite element methods (FEM) have

resulted in improved design-analysis capabilities for complex systems such as

this; however, to use the FEM to analyze and design every buried arch would be

very expensive and impractical. A common approach to the analysis of buried

arches is to idealize the structure as a lumped parameter single-degree-of-

freedom (SDCF) system whose properties correspond to the mode of failure. The

mode of failure of a particular structural element such as an arch can be de-

termined by experimental testing and verified by the use of the FEM. The pa-

ranieter3 which must bc assumed for input int'o the SDOF model include a loading

function and a structural resistance-deflection relationship. The resistance

of an element is the internal force tending to restore the element to its un-

loaded static position and is defined in terms of the load distribution for

which the analysis is made. The maximum resistance is the total load having

the given distribution which the element could support statically.

The applied load on a buried arch due to overpressure at the ground sur-

race normally includes a radial and a tangential component. These forces are

not simply a function of the overpressure but are also related to the flexi-

bility of the structure and the soil characteristics. The radial component of

the load can be accuratei z .P-ured expPrimentally by the use of interface

pressure gages mounted flush with the structure surface at the soil-structure

interface. The magnitude of the tangential component or skin friction, which 0



is a function of the normal force and the friction angle between the soil and

the structure, is difficult to quantify experimentally. This is due to the

nat,.re of the frictional force, a shear force parallel to the surface of the

arch at the soil-structure interface. The surface of any gage measuring this

frictional force must have a surface similar to the surface of the surrounding

structure. Previous attempts to accurately measure these frictional forces

have, in general, been unsuccessful. At present there seems to be no avail-

able transducer to measure the interface friction accurately.

1.2 PREVIOUS ARCH TESTS

Very few arches have been tested to collapse; however, some have been

tested well into the plastic range of response. Previous arch tests (Refer- 0

ences 1-3) indicate that buried arches subjected to overpressures applied to

the soil surface appear to respond in a combination of a compressive mode and

a symmetric bending mode. In most of these tests, flexural behavior resulted

in positive bending (tension on the inside face) at the crown and negative 0

bending (tension on the outside face) at about 45 degrees.*

Static and dynamic tests were conducted by Meyer and Flathau (Refer-

ence 1) on unreinforced concrete model arches buried in dry sand. The arches

responded generally in a compressive mode. Internal moment in the arch rings 0

was generally positive at the crown with an inflection point between 35 and

60 degrees and with negative moment from the inflection point down to the

springline. Since there was no steel reinforcing in the arches and concrete

is weak in tension, these arches would have failed at much lower pressures had S

the failure mode not been predominately compression.

Munn, Carre, and Kennedy (Reference 2) conducted static tests of steel

circular arches buried in sand. The parameters which were varied included the

footings, arch flexibility, and depth of burial. The modes of failure in-

cluded buckling of the arch haunches in the thinner "-cnes and arch crown

buckling in the thicker arches. Arches which had narrow footings responded by

the footing punching into the soil. The depth of burial had an influence on

the required failure overpressure in that the greater the depth of burial, the

higher the surface pressure required for failure.

* A table of factors for converting non-SI units of measurement to SI
(metric) units is presented on page viii.

2
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Meyerhof (Reference 3) conducted tests of steel model arches of different

sizes, shapes, and stiffnesses buried in szad and clay fills with various

strengths and depths of burial. The arches were subjected to a static, uni-

formly distributed load at the soil surface. At any given load the observed

circumferential axial stresses and thus the corresponding thrust were fairly

constant around the arches. As buckling failure was approached, the circum-

ferential bending stresses in the arches were about one-fourth to one-half of

the axial stresses. The vertical deflections of the crown of the arches at

failure varied from about 1 to 4 percent of the span for the semicircular

arches and about 3 to 8 percent of the major diameter for the three-centered

arches.

Gill and Allgood (Reference 4) statically tested shallow-buried steel

arches in a sand backfill. The two arches tested were identical except that

one had footings twice as wide as the other. The objectives were to determine

the deflection, thrust, and moment distributions; to learn something of the

interface pressure distribution; and to investigate the phenomenon of soil

arching. Wiehle (Reference 5) defines sol arching as the ability of the

soil, by virtue of its shear strength, to redistribute the stress in the vi-

cinity of an inclusion. For a soil mass undergoing large strains, a rela-

tively stiff structure would be subjected to a total stress greater than the

free-field stress while a relatively soft structure would be subjected to a

total stress less than the free-field stress. For complex structures it is a

combination of the two types, and the total stress may be greater or less than

the free-field stress. Reference 4 indicates that for a dry granular back-

fill, the static behavior is primarily dependent upon the soil density, the

footing width, the radius of the arch, the depth of cover over the crown, and

the stiffness of the structure. The deflection of both arches under surface

loading consisted primarily of a downward body motion with some bulging of the

sides and flattening of the top. As the overpressure increased, the flatten-

ing of the top continued, but the outward movement of the sides stopped.

Although the deflection of the narrow footings was much greater than that of

the wide footings, the crown deflecbion relative to the footings was nearly

the same for both arches. The peak moment in both arches developed in the

vicinity of 5 degrees from the horizontal. At corresponding overpressures,

the peak moment in the arch with wide footings was approximately a factor of 4

larger than the peak moment in the arch with narrow footings. The thrusts in S

3
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both structures were much the same at the crown but differed markedly in the

vicinity of the footings.

1.3 CURRENTLY USED ANALYSIS PROCEDURES

Haltiwanger (Reference 6) presents equations for the resistance of

shallow-buried arches. The arch is assumed to respond in two modes, a uniform

compression and a flexural mode as shown in Figure 1. The uniform compression

mode is characterized by uniform ring compression under a constant uniform

radial pressure, and the flexural mode is a side sway, moving inward on one

side and outward on the other, with a point of zero moment at the crown. The

assumed loading in the flexural mode is uniform and acts radially inward on

one-half of the arch and radially outward on the other half. These loadings

do not include any interface friction forces. It appears from the previously

discussed tests that the asymmetric mode of response is very unlikely because

the soil confines the arch ring and restricts its ability to deflect outward.

The symmetric flexural mode, observed in some of the tests, is a higher order

mode than the asymmetric mode and, therefore, results in a stiffer structure.

The resistance function for the compression mode is assumed to be bilinear as

shown in Figure 2 with a constant resistance beyond the elastic limit. The

maximum resistance for a concrete arch is given by S

q (0.85 fe + 0.9 Pt fy) Ac/12r (1)

where S

qYc = ultimate resistance per unit roof area, psi*

f' = concrete strength, psi

Pt = total steel ratio

fy = steel yield strength, psi S

Ac = criss-sectional area of concrete (square inches) per longitudinal
of arch length

r = arch radius, feet

The weight of the soil over the arch is subtracted from this value to obtain

the net maximum resistance. Haltiwanger gives an equation for the natural

* For convenience, symbols and abbreviations are listed in the Notation
(Appendix C).

________4



period T of the arch in this mode and the stiffness k can be obtained from

the relationship

T = 2S 0.5 (2)

where m is the mass of the system. The resistance given for the compression

mode of response is an upper bound solution, i.e., if the arch responded in

the compression mode only, it would carry the greatest amount of load.

Flathau, Bryant, and Mlakar (Reference 7) present an SDOF model which

assumes a simplified loading condition and response mode shown in Figure 3.

The assumed resistance corresponding to this response mode is shown in Fig-

ure 4. As shown, the horizontal stress is equal to the vertical stress multi-

plied by the factor K . The factor K is assumed to increase with increas-

ing load. The resistance function is based on the assumption that the arch

will respond in the compression regime, i.e., between the balance point and
b

the point of pure compression on the arch moment-thrust interaction diagram.

For a fixed-end arch, it is initially assumed that the moment-thrust path will

approach the balance point of the interaction diagram. When the moment capac-

ity at the spring line is exceeded, plastic hinges form, and the arch is con-

sidered to act as a two-hinged arch. For the two-hinged arch, the maximum mo-

ment occurs at 25 degrees up from the spring line; however, the crown is also

very close to maximum capacity and with a slight increase in load, a hinge

also forms at the crown. The stiffness of the arch decreases, and as the load

and K increase, the moment capacity at a critical section is reached. How-

ever, the constraint supplied by the soil is assumed to prevent collapse of

the arch due to the formation of hinges at 25 degrees. A hinge is assumed,

however, to form at the crown, and the arch now behaves as a three-hinged

arch. The value of K increases with the load, and at some appropriate value

of K and load, the moment capacity of the arch at 30 degrees from the spring

line is exceeded. With each hinge development, the arch ring becomes less

stiff and is capable of more centerline deflection even though K , which

helps to stiffen the arch, increases. S

Past experiments and analyses of shallow-buried cylindrical structures

provide useful information for the study of buried arches. These structures

can include culverts, pipelines, tunnel liners, and fuel tanks. Elling

(Reference 8) states that evaluation of stresses and deformations in buried S

5
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cylinders must, in many instances, account for the relative slip between the

soil and the cylinder as well as for a partial debonding of the interface

surface because of a limited tensile capacity of the soil. A study was con-

ducted of the stresses in buried cylinders with imperfect boundaries through

an alternative to the finite element method that uses assumed stress functions

for the soil field as well as for the buried cylinder. The normal stresses

and the shear stresses that exist at the soil-cylinder interface were also

represented through shape functions. This solution was based on the use of

linear constitutive laws for both the soil and cylinder; therefore, the re-

sults obtained may not be valid for large strains. The emphasis in the study

was to determine the influence on cylinder stresses of interface boundaries

subjected to tensile debonding and tangential slip. Results indicated that

tensile debonding does not occur for most cases of practical interest, but

that tangential slip does occur for most practical designs. The interface

stress distribution was found to be sensitive to tensile debonding and fric-

tion as was the average tangential stress in the cylinder walls. In general,

increased friction at the interface resulted in an increased peak value of

mean tangential stress.

Katona (Reference 9) conducted an analytical study of the effects of

friction on a pipe-soil interface. The computer code CANDE was used in the

analysis. CANDE consists of three solution levels. Level 1 is a closed-form

elasticity solution whereas levels 2 and 3 are based on finite element meth-

ods. Three values of Coulomb friction at the pipe-soil interface were con-

sidered: p = infinity, 0.25, and 0.0. The Coulomb friction hypothesis

implies the interface remains bonded wherever the interface shear traction is

less than the maximum frictional resistance defined by the product of normal

traction and friction coefficient. Thus, V = 0 allows free relative move-

ment along the interface.

The friction study was applied to the following linear system: confined

modulus = 4,000 psi; Poisson's ratio = 0.333; and a 66-inch-diameter pipe with

3- by 1-inch corrugation of 12-gage steel. The analytical study resulted in

* the following observations: the normal pressure distribution became more hy-

drostatic as friction decreased, and thrust distributions became more uniform

with decreased friction due to the near hydrostatic normal pressure distribu-

tion. For u 0 , peak thrust values were reduced by 25 percent. Unlike

thrust, moment distributions increased in amplitude with decreasing friction.

6



1.4 SOIL-STRUCTURE INTERFACE FRICTION EXPERIMENTS

Structures that are in direct contact with soil transmit forces through

the contact surface or interface. Transmission of the forces through the in-

terface constitutes the skin friction. In the analysis of structures sub-

jected to interface skin friction, reasonable values of interface properties

should be provided to reach a meaningful solution. According to Potyondy

(Reference 10), the four major factors which determine skin friction are the

moisture content of the soil, the roughness of the surface, the composition of

the soil, and the intensity of normal load. Experiments were carried out by

Potyondy to determine the magnitude of skin friction in which the following

variables were considered:

1. Various construction materials: steel, wood, concrete.

2. For each material two surface conditioni were used: rough and

smooth.

3. Various types of soil.

4. Strictly controlled moisture content.

5. Variation of the normal load between the friction surfaces.

The test results for sand on concrete indicate that when the normal load was

increased, the angle of skin friction and the angle of internal friction val-

ues generally slightly decreased. The internal friction value, however, was

more sensitive to the load than the skin friction value. Proposed coeffi-

cients of skin friction for sand on concrete ranged from 0.76 to 0.98 for

smooth to rough surfaces. The coefficient of friction is defined as the ratio

of friction force to normal force on the slip surface at slip.

Brumund and Leonards (Reference 11) conducted interface friction tests

using two types of sand referred to as 20-30 sand, of which 100 percent passed

the 20 and was retained on the 30 US standard sieve, and 60-80 sand, of which

70 percent of the particles were retained between the 60 and 80 US standard

sieves. Two of the structural materials used were smooth and rough mortar.

The test configuration consisted of a cylinder of sand encased in a rubber

membrane with a 1-1/8-inch-diameter, 14-inch-long rod located along its axis.

By evacuating air from within the membrane, a normal stress was applied to

the sand/rod interface. The rod was then caused to slip relative to the sand

by gradually applying static forces to the rod in the axial direction. For

the 20-30 sand and smooth mortar, the coefficient of friction was 0.60, and

for the rough mortar, 0.76. For the 60-80 sand and the smooth mortar, the 0

7
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coefficient of friction was 1.05, and for the rough mortar, 1.11. Some

conclusions of the experiments were: the static coefficient of friction is

markedly affected by the size, angularity, and surface texture of the sand

grains; and when the sliding surface is rough in comparison to the grain size

of the sand, the angle of wall friction exceeds the angle of shearing resis-

tance of the sand and sand/sand slip occurs.

Kulhawy and Peterson (Reference 12) conducted skin friction tests in a

Whdeham-Farrance strain-controlled direct shear machine using a 4-inch-square

shear box, 2 inches deep. Four different concrete textures were examineu.

Three were precast blocks with smooth, intermediate, and rough textures while

the fourth was cast in place in the shear box and cured with the desired soil

density and normal stress. A uniform sand and a graded sand were used in the

tests. The primary purpose of the study was to investigate the strength of

the interfaces and their relative strength compared with the soil alone. The

data obtained for the study were plotted in x-a space, and a least-squares

best-fit linearization through the origin was used to obtain the respective

interface friction angles 6 and soil friction angles e .

According to Reference 12, the resulting behavior of an interface depends

primarily upon the gradations of the soil and the face of the structural

component. It was found that the roughness of the soil or structural face

could be described best as:

D

R D - (3)
60 D 5 0

where

R = roughness

D60, D5 0, D10 = respective particle sizes at 60, 50, and 10 percent finer

The relative roughness (RR) of the interface can then be defined as:

R = Rstructural face (4)
R Rsoil

The relative roughness values included in the study ranged from 0 to 7.27. A

soil-soil interface gives RR as unity and would separate the smooth (RR < 1)

and rough (RR > 1) interfaces.

The conclusions reached in the study included the following: for rough

8
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interfaces, 6 is equal to or greater than e , which implies that the

interface is stronger than the soil, leading to the conclusion that failure

would occur in the soil out from the interface; and for smooth interfaces,

6 = 0.8 to 1.0 8 with an average 6 equal to about 0.9 6 . Interface shear

should control failure in this case.

1.5 OBJECTIVES

The objectives of this study were to evaluate the effects of soil-

structure interaction, including interface skin friction, on the normal load

distribution and behavior of a shallow-buried reinforced concrete arch struc-

ture in a sand backfill.

1.6 SCOPE

Two 1/12-scale model, reinforced concrete arch structures were tested

statically in a sand backfill at a depth of burial (DOB) of 7.5 inches which

resulted in a depth-to-arch-diameter ratio of about 1:6. The arches were

semicircular with an inside radius of 1 foot 9 inches and a thickness of

2 inches and were supported on continuous concrete footings. The arches were

constructed as nearly identical as possible except that one arch was covered

with two sheets of 1/32-inch-thick Teflon at the soil-structure interface to

significantly reduce the interface skin friction. Since the frictional force

is difficult to measure reliably, the use of Teflon on one arch provided a

means of evaluating the effects of interface skin friction by comparing the

test results with the arch without Teflon.

9
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SECTION 2

EXPERIMENTAL INVESTIGATION

2.1 OVERVIEW

Two 1/12-scale reinforced concrete arch structures were constructed and

tested statically in the laboratory at the US Army Engineer Waterways Experi-

ment Station (WES). The first arch tested, which did not have Teflon at the

soil-structure interface, was designated as arch S-1 and was tested on 16 June

1986. The arch with two Teflon layers at the soil-structure interface was

designated arch S-2 and was tested on 27 June 1986. Arch construction

details, test con2iguration and procedure, instrumentation and photography,

and material properties are described in the following sections.

2.2 ARCH CONSTRUCTION DETAILS

Construction details and dimensions of the model arch structures are

shown in Figure 5. The inside radius of the arches was 1 foot 9 inches and

the thickness of the arch ring was 2 inches. Reinforcing steel in the radial

direction consisted of D3 wire (area equals 0.0295 in2 ) spaced at 2-1/11 inches

on center in each face, which resulted in a principal reinforcing steel ratio

of approximately 0.008 in each face. Longitudinal reinforcing consisted of D3

wire spaced at 8.5 degrees on center and was placed inside the radial steel.

A concrete cover of 1/4 inch was maintained over the principal reinforcing

steel. A photograph of the reinforcing steel for the arch rings prior to

placing the concrete is shown in Figure 6.

The footings used to support the arch rings were constructed separately.

The footings were overdesigned in an attempt to ensure that they did not fail

prior to failure of the arch rings. Footing reinforcement consisted of D3

wire in the longitudinal direction in the top and bottom faces of the footings

and D3 wire stirrups spaced at 1-1/2 inches on center as shown in Figure 5. A

photograph of the footing reinforcing before concrete placement is shown in

Figure 7.

Plywood form work was used for placement of the concrete for the arch

rings and footings. Hardware wa: secured to the arch ring form work prior to

concrete placement for use in installing soil-structure interface pressure

gages immediately prior to testing the structures. After concrete placement
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and removal of the form work, one of the arches received a 1/32-inch layer of

Teflon. The Teflon was glued to the exterior surface and the edges of the

arch ring. Figure 8 shows the arch rings after placement of the concrete and

application of the Teflon to one arch.

2.3 TEST CONFIGURATION AND PROCEDURE

Figure 9 shows an illustration of the test device used to produce the

static overpressure. The device is capable of developing pressures up to

3,000 psi. The test chamber, a cylinder 72 inches inside diameter (ID) and

72 inches high, has a piston-type lid that seals the top and rests on a steel

plate with an O-ring to seal the bottom. The testing device is composed of

platen, spacer blocks, test chamber, and upper bearing block. For testing,

the device is rolled into a massive, posttensioned, prestressed concrete reac-

tion structure designed to resist the large dynamic or static loads generated

in the test chamber. An air-to-hydraulic multiplier is used to pressurize the

test chamber. The pressure pushes the piston-type lid up until the upper

bearing block makes full contact with the ceiling of the reaction structure.

The upper bearing block and the platen distribute the load to the reaction

structure. The test is then loaded by the water pressure supplied by the

air-driven pump.

The test configuration is shown in Figure 10. Two layers of Teflon were

placed on the inside face of the test chamber to reduce the amount of friction

between the sand and the chamber. In each of the two tests, sand was placed

to the proper height in the test facility in 6-inch lifts and compacted to 0

provide a uniform support for the model structure. The precast concrete foot-

ings were set in place in the chamber, and a steel support for deflection

gages was welded to embedded plates in the footings. The arch ring was then

lowered into the chamber and placed in the proper position on the footings and

grouted in. Transducers for measuring structure loading and response were

then installed, and sand backfill was placed around and over the arch to a

height of 7.5 inches above the arch crown. Steel endplates were used to close

the ends of the arches. The ends of the arches and the steel plates were

covered with Teflon to provide a Teflon-Teflon interface between the two,

thereby reducing the effects of end support as the arches were loaded. A

plastic pipe was installed which ran from the inside surface of the test

chamber to a hole cut in one of the steel endplates. This pipe provided a

13
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means of inserting an optical borescope through the endplate so that the

inside of the arch could be inspected during the test.

After closing up the end of the arch, sand was placed in 6-inch lifts and

compacted by making four passes with a 23-pound hand tamp having a 6-3/4- by

11-inch foot. Free-field soil stress gages were placed at specific locations

as the backfilling process proceeded.

After backfilling, the top of the soil surface was leveled, and two

1/8-inch-thick neoprene rubber membranes were placed over the soil surface.

The pressure lid, bearing plate, and bearing shell were then assembled, and

the test device was rolled into the concrete reaction structure. In each test

the data tape recorder was started immediately preceding the opening of the

waterline valve used to fill the test device with water. The time required to

fill the water chamber was approximately 20 minutes. A relief plug at the top

of the water chamber indicated when the chamber was full at which time the

waterline valve was closed to allow closing of the relief valve. The pump was

then started, and the pressure in the water chamber was increased very slowly

to load the soil surface. As each test proceeded, a plot of water pressure

versus arch crown deflection was monitored to provide a means of determining

when to terminate the test.

2.4 INSTRUMENTATION

Thirty channels of data were recorded on magnetic tape in each if the two

tests on a 32-channel Sangamo Model III FM magnetic tape recorder. The data

for each channel were later digitized, processed, and plotted. An instrumen-

tation summary is presented in Table 1. The instrumentation layout for both

tests is shown in Figure 11.

Two water-pressure gages (Kulite Model HKM-375) were used to record the

pressure applied to the soil surface over the arches. Two gages were used so

that if one malfunctioned, data from the backup gage could be used. One of

the water-pressure gages was used as a reference channel against which all

other data were plotted.

Nine interface pressure (IP) gages (Micro-Gage Model P-302) were mounted

around the arch ring at approximately every 22.5 degrees to define the pres-

sure distribution around the arch. The gages had a range of 1,000 psi. The

gages were installed in mounting hardware, which was fabricated at WES, and

installed in a sleeve that had been cast into the concrete arch ring. The S
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gages were placed flush with the outside surface of the arch ring.

Eight single-axis, metal film strain gages were mounted to principal

(radial) reinforcing bars in the arch ring. Four were on interior bars (EI)

and four on exterior or outer bars (EO). These gages (Micro-Measurements

Model EA-06-25OBF-350-W) were 0.25-inch, 350-ohm, temperature-compensated

gages.

Two displacement (D) transducers (Celesco Model PT-101) with a range of

10 inches were used to record the vertical displacement of the arch ring at 0

and -45 degrees. The body of the transducers was mounted to a steel support

which was welded to embedded plates in the footings.

Nine free-field soil stress (SE) gages (Kulite Model LQV-080-8U-H) were

used in each test. Both vertical and horizontal stress measurements were

made. In both tests a gage was placed 1.5 inches below one of the footings so

that bearing pressures could be measured. In test S-1 (no Teflon) two gages

were used to measure vertical free-field stress at the arch crown elevation to

provide a backup. In test S-2, instead of using a backup gage at the arch

crown, one gage was placed I inch above the top of one of the footings to

provide a measurement of the approximate interface pressure at the top of the

footing.

2.5 PHOTOGRAPHY

Photography provided during the arch construction phase and the posttest

documentation phase included black-and-white photographs, color slides, and

video recording. Posttest photography of structural damage provided a means

of visually documenting and comparing the failure modes and degree of damage

to each arch.

2.6 MATERIAL PROPERTIES

2.6.1 Concrete

The concrete mix for these tests was designed to have a 28-day compres-

sive strength of 4,000 psi. The concrete was composed of a type I portland

cement and was obtained from a local commercial supplier. The fine aggregate

was a natural siliceous sand, and the coarse aggregate was pea gravel with a

3/8-inch maximum diameter. Five test cylinders were cast at the time of con-

crete placement of the arches. Cylinders were tested at 28 days and on the
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day of each arch test. The average 28-day concrete strength was about

4,400 psi. Results of the compressive strength tests are presented in

Table 2.

One of the cylinders was instrumented with strain gages to allow the

constitutive relationships of the concrete under uniaxial compression to be

evaluated. The modulus of elasticity and Poisson's ratio were determined for

the concrete according to the American Society for Testing and Materials

Standards (ASTM C469). The computed modulus of elasticity was 4.35E6, and

Poisson's ratio was determined to be 0.14.

2.6.2 Reinforcing Steel

All reinforcing steel used in the arch rings and footings was ASTM A496

D3 deformed wire (Reference 13), which has a cross-sectional area of

0.0295 inch. The wire was heat-treated in an oven at WES until a yield

strength of approximately 60,000 psi was reached. The yiela strength before

heat treatment was approximately 90,000 psi. Random samples of the reinforce-

ment were tested to rupture in a tensile-testing apparatus. The yield and

ultimate strengths of the reinforcement were computed by dividing the applied

tensile force by the original cross-sectional area of the bar. Results of the

tensile tests are presented in Table 2. 0

2.6.3 Backfill

The sand backfill was obtained locally from a commercial supplier. The

sand was classified as poorly graded (SP) according to the Unified Soil Clas-

sification System (Reference 14). Laboratory tests were conducted on samples

of the sand to determine its gradation, compaction characteristics, and angle

of internal friction. Figure 12 shows the gradation curve, and Figure 13

shows the compaction curve. Results of the direct shear test are shown in

Figure 14, which indicates an angle of internal friction for the sand of

38.5 degrees. As the backfill was being placed in 6-inch lifts, several water

content and density readings were taken at each lift using a Troxler nuclear-

testing device. The water content measurements in test S-1 ranged from 4.9 to

12.4 percent and averaged 7.4 percent while in test S-2 they ranged from 2.7

to 7.6 percent and averaged 5.9 percent. The dry density measurements in

test S-1 ranged from 101.6- to 108.3-lb/ft3 with an average of 105.4-lb/ft3 .

The dry density measurements in test S-2 ranged from 99.2- to 109.1-lb/ft3  S
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with an average of 104.1-lb/ft3 . The results of the water content and density

tests are shown in Figures 15 and 16.

17
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Table 1. Instrumentation summary.

Gage Location Range Manufacturer Model

Interface IP-1 1,000 psi Micro-Gage P-302
pressure IP-2

IP-3
IP-4

IP-5
IP-6
IP-7
IP-8
IP-9

Soil stress SE-I 1,000 psi Kulite LQV-080-SU-H
SE-2
SE-3
SE-4
SE-5
SE-6
SE-?
SE-8
SE-9

Deflection D1 10 in Celesco PT-101
D2

Strain EI-i 10,000 Micro- EA-06-250BF-350-W
EO-i pin/in Measurements
EI-2
EO-2
EI-3
EO-3
EI-4 S
E0-4

Water WP-1 1,000 psi Kulite HKM-375
pressure WP-2

1
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Table 2. Concrete compressive test and
steel tensile test results.

Yield strength Ultimate strength

Wire size Sample psi psi

Reinforcing Steel

D3 1 65,830 75,900
D3 2 65,400 75,300
D3 3 67,600 75,900
D3 4 57,030 65,770
D3 5 57,130 64,830
D3 6 57,630 65,570

Average 61,770 70,550

Element

28-Day Compressive strength age when

compressive strength on test day tested

Batch psi - psi days

Concrete

1 4,460 4,420 (S-1) 35
1 4,560 (S-2) 45

2 4,320 4,390 (S-I) 35

0

40

I I
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Figure 8. Completed arch rings.
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SECTION 3

EXPERIMENTAL RESULTS

3.1 PRETEST ANALYSIS

Pretest linear elastic finite element (FE) calculations were conducted

using the computer program ADINA (Reference 15) in an attempt to estimate the

static overpressure required to produce severe damage in the arch ring. Fig-

ure 17 shows the two-dimensional plane strain FE model used. Since the arch

structure is symmetrical, only half of it was modeled in the analysis. The

arch portion of the structure was modeled with 12 linear elastic beam elements

while the soil ind footing were modeled with 268 two-dimensionsal isopara-

metric 4-node elements. The grid contained 299 nodes. The 4-node elements

had 2 degrees of freedom (x-y translation) at each node, and the beam elements

had 3 degrees of freedom (x-y translation and moment z-z) at each node. The

soil nodes along each vertical surface were restrained against any lateral

displacements, and those along the bottom horizontal surface were restrained

against any vertical displacements. After the application of these boundary

conditions, the FE model had a total of 501 degrees of freedom. Calculations

were conducted for two different soil elastic moduli, 2,000 psi and 7,000 psi

with a Poisson's ratio of 0.2.

Results of the FE analysis are shown in Figure 18 where the maximum

moments and thrusts in the arch at various static overpressure levels are

plotted on the arch moment-thrust diagram. Based on the results of FE anal- 0

yses, it appeared that 500 psi was a conservative estimate of the maximum

overpressure required to fail the arch. Based on this, maximum gage readings

were predicted for setting the calibration steps. For arch S-1 (no Teflon),

the interface pressure and soil-stress gages were set for a maximum gage

reading of about 500 psi.

3.2 OBSERVATIONS

As the test of arch S-I proceeded, water pressure versus crown deflection

was closely monitored. When the water pressure reached about 550 psi, the

crown deflection was only about 0.35 inch. To continue loading the arch at

this point would likely have resulted in clipping any additional data since

the calibration steps on most of the gages were set at 500 psi. Therefore, •
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the water pressure was lowered back down to zero, and the arch was visually

inspected through the borescope. The data corresponding to the first load-

unload sequence is designated test S-1. The only indication of any damage was

some very small hairline cracks at the arch crown. At this point it was

decided that the calibration steps would be reset to a higher value, and the

structure would be reloaded. The water pressure was again slowly applied

until it reached about 840 psi. At this point it was determined that the

structure should be inspected for damage in case the deflection plot being

viewed was in error. To view the arch through the borescope requires that the

arch be unloaded first because if the arch were to fail catastrophically,

water and sand under high pressures could be forced out through the opening

used for the borescope possibly resulting in serious injury to anyone looking

through the borescope. The water pressure, therefore, was decreased to zero.

Data corresponding to this second load-unload sequence are referred to as

test S-IA. The attempt to view the damage was not successful because rigid

body displacement and footing rotation had caused sand to block the end of the

borescope. At this point it was decided to reload the arch. The water pres-

sure was again applied and reached approximately 700 psi at which time a

decrease in pressure and an increase in crown deflection indicated failure of

the arch. The test was terminated at this point. The data corresponding to

the third loading is designated test S-IB.

The knowledge gained in testing arch S-i resulted in better gage predic-

tions for arch S-2. In this test only one loading sequence was conducted.

The water pressure was applied slowly until a large increase in crown deflec-

tion and a decrease in pressure occurred at about 820 psi, which indicated

that the arch had failed. After the pressure had been lowered to zero, visual

inspection of the inside of the arch was made using the borescope. This S
inspection revealed that severe damage had occurred. The test was terminated,

and the structure was excavated.

3.3 STRUCTURAL DAMAGE

Posttest photographs of arch S-1 are shown in Figures 19-25. The crown

deflection relative to the footings was about 2-3/4 inches. The average rigid

body displacement, obtained by averaging the downward displacement of the

footings at the four corners of the structure, was about 1/4 inch. Each of

the footings rotated inward about 1.5 degrees. As shown in Figures 19 and 20,

33



small tension cracks occurred on the outside, and crushing and spalling

occurred on the inside of the arch ring at about +45 and -45 degrees and

extended the entire length of the arch indicating flexural behavior at these

locations. Figure 21 shows that on the west side a large crack ran the length

of the arch. At the north end, the crack was located at about -30 degrees,

and it ran downward in a zigzag pattern to the other end where it ended up at

about -80 degrees. Some local buckling of the reinforcing bars was evident

at this crack. At the north end of this crack (Figure 22), the arch ring

appeared to have sheared through and slipped to where the two sections were

overlapping. Figure 23 is a view of the south end of the arch. Figure 24

shows small tension cracks on the interior of the arch at the crown, and a

small amount of concrete crushing was visible on the exterior indicating

flexural displacement at the crown. As shown in Figure 25, near the arch-

footing intersection, major concrete cracking and spalling occurred on both

sides, and the arch was cracked all the way through its thickness. Large

cracks in the footing ran from directly below the arch ring Lo the bottom of

the footing.

Posttest damage photographs of arch S-2 are shown in Figures 26-31. The

crown deflection relative to the footings was 5-1/4 inches on the north end

and 1 inch on the south end. The average rigid body displacement was

3/8 inch. There was no measurable rotation of the footings. Figure 27 shows

that on the south end, the arch ring crushed and sheared all the way through

its thickness for slightly more than one-half its length. A large radial

crack formed and ran across the arch to about -20 degrees where it turned and

ran longitudinally to the south end of the arch. The arch segment, outlined

by this continuous crack, deflected downward and was prevented from totally

collapsing mainly by the reinforcing steel since most of the concrete was

sheared through. Figures 30 and 31 show that at about +85 degrees (east side)

near the arch-footing intersection, concrete crushing and buckling of the

reinforcing bars took place. Some crushing and spalling of the concrete also

occurred on the west side near the arch-footing intersection; however, it was

not as severe as on the east side.

3.4 INSTRUMENTED DATA

All recovered analog data recorded from active instrumentation were digi-

tized by computer, plotted versus water pressure, and are presented in
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Appendix A. This provided a means of comparing the data between the two

arches at the same static pressures. Comparisons of interface normal pres-

sure, reinforcing bar strain, arch ring deflection, and soil stress were made

between the two arches to determine variations in normal load distribution and

arch behavior under the same loading conditions.

3.4.1 Interface Normal Pressure

A comparison of the interface radial or normal pressure around the arch

ring was made between the two tests at 100-psi intervals. Figures 32-35 show

the interface normal pressure profile around both arches at each interval.

The recorded pressures were plotted and connected with straight lines. The

recorded interface pressure around arch S-1 (no Teflon) was consistently lower

than that around arch S-2, and the distribution around arch S-1 appeared to be

more uniform although the pressure near the springline was significantly lower

than that near the crown, especially at higher overpressures. The interface

pressure near the crown of arch S-2 was consistently higher than the water

pressure, indicating that passive soil arching may have been occurring, i.e.,

that the arch was attracting load from the free field. The interface pressure

near the crown of arch S-1 was always lower than the water pressure, indi-

cating active soil arching, i.e., that load was being arched to the free

field. As the water pressure increased In test S-I, the pressure profile

around the arch seemed to flatten out. Initially, the pressure at the crown

was higher than the pressure at t45 degrees; however, as the load increased,

the relative pressures became approximately equal. At 500 psi, the pressure

at the crown was lower than the pressure at 45 degrees. This was probably the

result of the crown deflecting downward and some of the load being transmitted

over through soil arching.

The unloading and reloading of arch S-1 appeared to have resulted in more

active soil arching during the reloading. This is evident because the pres-

sure around the arch at 500 psi during the first loading sequence (S-i) is of

lower magnitude than at 600 psi during the second loading sequence (Si-A).

This did not occur in test S-2 where no unloading and reloading was conducted.

3.4.2 Reinforcing Bar Strain

Comparisons of the experimental reinforcing bar strains are shown in Fig-

ures 36-38. The comparisons were made only for the first loading sequence in
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test S-I because the unloading resulted in strain reversals in the rein-

forcing. For this reason, comparisons are made up to 500 psi only.

The only strains which were tensile strains occurred in test S-I (no

Teflon) at pressures of 300 psi and below. All other strains in both arches

were compressive throughout the loading sequences. Comparisons of the magni-

tudes of the strains between arches, for both inner and outer reinforcing

bars, showed that the magnitudes of the strain in test S-1 were consistently

slightly higher. The recorded strains were used to compute thrusts and

moments in the arch, which are presented in Section 4.

3.4.3 Crown Deflection

A comparison of the recorded arch crown deflections is shown in Fig-

ure 39. Included in the comparison are the deflections corresponding to each

load-unload sequence of arch S-I. When arch S-I was unloaded, very little

deflection was recovered. Upon reloading, the curve closely followed the

unload curve up to about two-thirds the previous maximum load where it became

less steep. In load sequence Si-B and in test S-2, the arch deflected sud-

denly, accompanied by a rapid pressure decrease due to the increase in volume

in the test chamber. At this point the test was stopped. The curves show

that the load-deflection relationship in tests S-1 (first load sequence) and

S-2 were very similar up to about 300 psi, at which point the slope of the

curve for test S-I became less steep, i.e., more deflection was occurring for

a given increase in water pressure. The maximum pressure reached for both

arches was slightly over 800 psi; however, the deflection of arch S-I was much

greater at this pressure than was the deflection of arch S-2. It appears that

this was not merely the result of unloading and reloading arch S-1 because the

load-deflection curve for the initial loading shows arch S-I to be less stiff

than arch S-2. Possible reasons for the difference in the load-deflection

curves may be seen more clearly in Section 4, which presents comparisons of

the calculated moments and thrusts at specific locations in the arches.

3.4.4 Soil Stress

Comparisons of experimental soil-stress measurements are shown in Fig-

ures 40 and 41. In a static test, the vertical stress in the free field at

any depth should theoretically be equal to the applied overpressure. As shown

in the soil stress comparisons, the measured vertical soil stress varied
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widely from gage to gage. The inside surface of the test facility was covered

with two layers of Teflon and, therefore, should not have attracted signifi-

cant friction forces from the soil. The outside surface of the steel endwalls

on the arch were not covered with Teflon which may have resulted in some of

the near field soil load being arched over to the endwall. This could account

for the measured soil stresses being less than the applied overpressure; how-

ever, it should not have affected the arch response since the inside surface

of the steel endwall and the ends of the arch ring were covered with Teflon,

thereby prohibiting transfer of the friction force on the endplate to the arch

itself. Ideally, soil stress gages are placed far enough from the test struc-

ture to obtain soil-stress measurements which are not affected by the presence

of the structure. This was not possible in these tests because of the rela-

tive sizes of the test structures and the test facility.

3
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Figure 18. Moment and thrust from FE analyses.
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Figure 20. Posttest view of east side of arch S-i.

Figure 21. Posttest view of west side of arch S-1.
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Figure 22. Posttest view of north end of arch S-I.

Figure 23. Posttest view of south end of arch S-i.
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Figure 24. Posttest view of inner arch ring (S-i).

Figure 25. Closeup view of damage to arch S-I near the footing.
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Figure 26. Posttest view of the top of arch S-2.
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Figure 27. Posttest view of' east side of arch S-2.

0

Figure 28. Posttest view of west side of arch S-2.
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Figure 29. Posttest view of north end of arch S-2.
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Figure 30. Posttest view of south end of arch S-2.
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4Figure 31. Closeup view of damage at south end near footing (S-2).
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Figure 36. Experimental reinforcing bar strains at
water pressure (WP) =100 and 200 psi.
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SECTION 4

ANALYSIS

4.1 INTRODUCTION

Analysis of the test results included computations of experimental

moments and thrusts in the arch rings using strain data recorded from gages

placed on the inner and outer reinforcing bars at 0, -45, and 80 degrees from

the crown. Comparisons made between the two arches included moment versus

thrust, overpressure versus moment, and overpressure versus thrust.

4.2 EXPERIMENTAL MOMENTS AND THRUSTS

A computer program (Appendix B) was written to calculate the combined

moments and thrusts in the arch ring using experimetiLal strain data. The

calculational procedure was based on the free-body diagram and the assumed

linear strain distribution shown in Figure 42. The inner and outer experi-

mental reinforcing bar strains were input, and a computed straight line

through the two points defined the strain distribution across the section.

The concrete stress across the section was calculated based on the Kent-Park

stress-strain curve (Reference 16) shown in Figure 43. In region BC of the

stress-strain curve (0.002 < cc < c20c:

f'= f' [1 - Z (c - 0.002)] (5)
c c C

where

Z = 0.5/(E50 u + c50h - 0.002)

c =concrete strain
c

50u = (3 + 0.002 fC)I(fc - 1000)

c50h = 0.75 Ps (b"/sh)O.5

Ps = ratio of volume of transverse reinforcement to volume of concrete
core measured to outside of hoops

b'" = width of confined core measured to outside of hoops

sh = spacing of hoops measurements 
0

The parameter Z defines the slope of the assumed linear falling branch. The

slope of the falling branch is specified by the strain when the stress has

fallen to 0.5 f . Since the arches in this test did not have stirrups, the S
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falling branch for unconfined concrete was used in the moment-thrust

calculations.

The stress-strain curve used to compute the reinforcing steel stress is

shown in Figure 44 and takes into account plastic strains. Once the stresses

in the reinforcing steel and across the concrete section have been computed,

the thrust and moment is calculated by

P = Fe + Fs - FS  (6)

M = [(P)(t) + (Fs)(d) - (Fc)(kx) - (F;)(d')] (7)

where

P = thrust

Fe = force in concrete

F; = force in compression steel

Fs = force in tensile steel

M = bending moment

h = overall height of the concrete section

d = depth to tension steel

kx = distance from compression force to Fc

d' = depth to compression steel

Figures 45-48 show the moment in the arches at the strain gage locations

(0, -45, and 80 degrees) corresponding to water pressures at 100-psi inter-

vals. Figure 49 shows a comparison of the moment at each of these locations

as a function of the water pressure. The moment in both arches was generally

positive at 0 degrees (crown) and negative at -45 and 80 degrees although the

moment at the crown of arch S-2 became negative at an overpressure of about

650 psi. At the crown of the arches, the moment-pressure plot for both tests

is very similar up to about 400 psi where the difference in the magnitude of

the moments starts to increase with that in test S-I being greater than in

S-2. At -45 dcgrccz the moment in test S-I is greater than in test S-2 from

the beginning of the test to about 450 psi after which the moment in test S-I

undergoes a sharp decrease and falls below that in test S-2 at about 480 psi.

This also occurred at 80 degrees although the moments at 80 degrees were

significantly higher than at 45 degrees. This can be seen in Figure 50 which

shows moment versus pressure at all three strain gage locations in each arch.
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The moment-pressure plots for test S-2 show that from about 400 to 500 psi the

moments in the arch reached their maximum value and began to decrease. At

approximately 700 psi the moment at all three locations was near zero and the

moment at 0 and 80 degrees changed signs. This indicates that the effects of

soil-structure interaction tended to force the arch into its most favorable

mode of response, that being the compression mode. Although the first loading

sequence in test S-1 reached only about 500 psi, this same effect appears to

be occurring in that all of the moments have peaked and are headed back toward

zero.

Figures 51-54 show the thrust in the arches at 100-psi intervals. Fig-

ure 55 compares the thrust-pressure curves between the two arches at the three

strain gage locations. Figure 56 compares the thrust-pressure curves between

the three locations on the same arch for both tests. As can be seen, the

thrust in test S-I was generally higher than in test S-2 except for the

O-degree location where the opposite was true after the overpressure reached

about 200 psi. In test S-i the thrust was about equal at each of the three

locations until the water pressure reached about 200 psi, after which the

thrust at -45 degrees climbed at the highest rate and at 80 degrees at the

lowest rate. In test S-2 the thrust at 0 degrees was the highest up to a

water pressure of about 500 psi where it began to decrease. The thrust at

-45 and 80 degrees continued to climb with increasing water pressure until

at 80 degrees, it began to fall at about 650 psi. When arch S-2 failed, the

thrust was highest at -45 degrees.

Figure 57 compares the load paths (moment-thrust interaction as the

arches were being loaded) in both tests at each strain gage location along

with the theoretical ultimate moment-thrust interaction diagram. The theoret-

ical curve was computed assuming failure at a concrete compressive strain of

0.003. These plots show that at each of three locations in the arch ring, 0

the ultimate strength of the section was reached in the compression regime of

the moment-thrust diagram, i.e., above the point representing the condition

oc balance thrust. The location in both tests which had the highest ratio

of thrust to moment throughout most of the loading was -45 degrees with

0 degrees having the lowest. Arch S-2 had higher thrust-to-moment ratios at

all three locations than did arch S-I throughout most of the loading, indi-

cating that the behavior of the Teflon-covered arch was in more of a compres-

sion mode than the other arch. Figure 58 compares, separately for each test,

59

- i i m m | 0



the load paths at the three strain gage locations.

Table 3 lists, for each of the three strain gage locations, the static

overpressure when the theoretical ultimate capacity (cc = .003) of the section

was reached at that location. This was obtained by reading the thrust values

from the load paths at the point where they intersected the ultimate moment-

thrust curve and by finding the corresponding pressure on the thrust-pressure

plots. In both test S-1 and test S-2, the theoretical ultimate capacity at

the crown was reached first followed by the 80-degree location. In test S-I

the overpressure, when the ultimate capacity at the crown was reached, was

390 psi, and in test S-2 it was 325 psi. In both tests, as the pressure

increased after the ultimate capacity at the crown was reached, the moment

started decreasing. In test S-2 the moment at the crown decreased to such an

extent that the sign changed from positive to negative. This resulted in the

moment and thrust at the crown decreasing below the ultimate capacity while

the ultimate capacity was being reached at the other locations in the arch. 0
Test S-i appeared to be behaving similarly before the pressure was reduced to

zero to recalibrate the gages. The moment-thrust plots in Figure 57 indicate

that as the pressure increased after the ultimate capacity was reached at the

strain gage locations, the moment at those locations tended to start reducing,

resulting in the arch behaving more in compression. This had the effect of

providing the arch with added load carrying capacity and was the result of the

soil confining the arch ring.

4.3 ARCHING RATIOS

Global soil arching can be computed by dividing the total load applied

directly above the arch by the vertical reactions at the arch springline. If

this ratio is greater than one, then the arch is stiffer than the surrounding

medium and is attracting load, which is known as active arching. If the ratio

is less than one, then the arch is less stiff than the surrounding medium caus-

ing load to be arched to the soil, which is known as passive arching. The glo-

bal arching ratios for each test were co,1puted using the thrust-pressure plots

computed from the strains near the springlines. Plots of arching ratio versus

overpressure for both tests are shown in Figure 59 and were obtained from:

C a T (8)

()(2)
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where

Ca = soil arching ratio

T = springline thrust for a unit length of arch

p = static overpressure

D = outside arch diameter

Figure 59 shows that in both tests active soil arching occurred throughout

the loading. More arching occurred in test S-2 than in test S-1. In test S-1

the arching ratio was about 0.6 throughout the first load sequence. The

arching ratio in test S-i varied widely with overpressure. The minimum value

was about 0.05 at 50-psi overpressure, and the maximum was about 0.6 at an

overpressure of 630 psi where it began decreasing to about 0.25 at 800 psi.

Although the normal pressure on the arch with Teflon (S-2) was greater than on

the arch without Teflon for a given overpressure (Figures 32-39), the arching

ratios indicate that there was less total load on the Teflon-covered arch than

on the arch without Teflon. This is possible because the normal pressure on

the Teflon-covered arch was approximately the total load since there should

have been very little frictional loading, and the normal pressure on the arch

without Teflon was only one component of the total load, the other component

being the friction force.

4.4 INFLUENCE OF AXIAL LOAD

ON CURVATURE DUCTILITY

A comparison between load-deflection curves corresponding to brittle and

ductile behavior of a reinforced concrete member is shown in Figure 60. From

Reference 14, the distributions of bending moment, shear force, and axial load

in a statically indeterminate structure depend on the ductility of the members

at the critical sections. A distribution of bending moments differing from

that obtained from a linear elastic structural analysis can be achieved if

moment redistribution can take place. Some sections may reach their ultimate

resisting moments before others; however, if plastic rotation can occur there

while the ultimate moment is maintained, additional load can be carried as the

moments elsewhere increase to their ultimate value. However, the presence of

axial load has been shown to have a significant effect on the curvature

ductility of a reinforced concrete member.

Although it was developed as an upper bound solution, the bilinear re- 0
sistance function shown in Figure 2, h-,k a zero slope after ultimate
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resistance, is not realistic. This resistance function assumed pure compres-

sion with no bending or shear stresses. As shown in Figure 39, once the arch
reached its maximum resistance, the resistance decreased with increasing

deflection. The combination of ultimate moment and thrust above the balance

point in an unconfined concrete section results in brittle behavior. A study

was conducted by Blume, Newmark, and Corning (Reference 17), which showed the

relationship between curvature ductility and axial load in a column section

having bars on two opposite faces. The balanced point in the column section

studied occurred at P/P0 = 0.31 . Figure 60 shows that the curvature

ductility of the section is significantly reduced by the presence of axial

load. Another investigation was conducted by Pfrang, Seiss, and Sozen (Refer-

ence 18) and dealt with inelastic deformations of reinforced concrete column

sections. Moment-curvature curves were obtained for column sections with

various levels of constant axial load, i.e., the column load was held constant

at a particular level while the column was bent to failure. A set of these

curves corresponding to a section with 1 percent reinforcing steel is shown in

Figure 61. These curves illustrate again that at axial load levels greater

than the balanced failure load, the curvature ductility is negligible.
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Table 3. Water pressure at ultimate strength.

Water Pressure, psi, at indicated
location in arch ring, degrees

Test 0 -45 80

S-I 390 410 420

S-2 325 530 580

0
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Figure 4I3. Kent-Park concrete model.
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Figure 44. Reinforcing steel constitutive model.
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Figure 46. Experimental moments in arch ring at water
pressusre (WP) = 300 and 400 psi.
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SECTION 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

Based on the thrust-moment plots shown in Figure 57, it can be seen that

the behavior of both arches was similar; however, the arch with the Teflon

interface behaved more in compression than did the other arch. Internal mo-

ments were generally lower in the Teflon-covered arch which contradicts FE

calculations referred to in Reference 9. In test S-I (no Teflon) the theoret-

ical ultimate capacity of the concrete section at 0, -45, and 80 degrees was

reached at nearly the same overpressure and with moments which were higher than

in test S-2. A more gradual slope up to the maximum load in the load-deflec-

tion curve for test S-i resulted from increased deflection due to bending

(Figure 39).

In both tests the maximum overpressure reached was much higher than the

ultimate resistance computed using the equation in Reference 6. Much of this

difference can be attributed to the global soil arching that occurred (Fig-

ure 59), which resulted in load being arched away from the structure. Rigid

body displacement of the arch could have contributed significantly to the soil-

structure interact.on effects, especially in test S-I, because the rigid body

displacement accounted for a significant percentage of the total deflection at

maximum overpressure. This indicates that the width of the footing could play

an important role in determining the loading and resulting behavior of a buried

arch.

When inspecting the damage to both arches slightly above the springline,

it does not appear likely that the arch could have been reloaded signifi-

cantly. Therefore, a negative or decay slope on the resistance seems more

reasonable.

5.2 RECOMMENDATIONS

Nonlinear FE calculations are presently being conducted that take into

acccunt the effects of interface skin friction on the behavior of buried

arches. The Coulomb friction law will be used at the soil-structure inter-

face. These calculations should provide greater insight into the importance of

incorporating friction effects into a simplified analysis procedure.
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Other parameters which should be studied include backfill type, footing

width, arch radius-to-thickness ratio, and DOB. The effects of these param-

eters on arch loading and response should be studied both experimentally and

analytically so that they can be incorporated into a simplified analysis

procedure.
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APPENDIX A: ANALOG DATA PLOTTED VERSUS WATER PRESSURE
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IF (OPT .ED. 3) THEN
NCURVS = NCURVS + I
CALL OVERLAY (NPTS NCURVS. T XM, THRUST)
CALL PLOT (T, XM, THAST. TITLE, ANS, NC$JRVS)
ELSE

END IF
IF (OPT .EQ. 4) GOTO 10
IF (OPT .EQ. 5) SOTO 20
IF (OPT .EQ. 6) OTO 120
GOTO 105

C
120 STOP

END
CCu SS Sl$S*;8**8*83888**88*$88l885555555*$$8*$SS$SS5*55SS5S$S5** 5 ._

C
C CALCULATES CONCRETE STRESS IN EACH OF 100 LAYERS USING KENT-PARK MODEL
C AND RETURNS VALUES TO SUBROUTINE SUM

SUBROUTINE CONC (FPC EC XINT, IFLAGSIGC,BPP,SH,RHOS)
IMPLICIT INTEGER 82(1-N)

C CALCULATE INITIAL TANGENT MODULUS AND UNLOAD SLOPE OF CONCRETE MODEL
SLOPE = 1000.0FPC

C
C COMPUTE CONCRETE STRESS (SISC)

IF(EC .ST. 0.002) GOTO 10
SIGC - FPC 9(2*EC/0.002-(EC/O.002)S*2)
IF (IFLAG .EQ. 1) RETURN
OTO 20

10 E50U - (3+0.O02SFPC)/(FPC-I000.0)
IF (RHOS .EQ. 0) THEN
EGH - 0.0
ELSE
E50H - 0. 755RHOS$SQRT (BPP/S*I)
END IF
Z - 0.5/(E5OU+E5OH-0.002)
SISC - FPCS(1-Z*(EC-0.002))
IF (SIGC .LT. 0.20FPC) SIGC - 0.2*FPC
IF (IFLAG .EQ. 1) RETURN

20 EC = EC-XINT
STRESS - ECSSLOPE
iF (SiRESS .Gl. 0.0) G00 3Z,
SIGC = 0.0
RETURN

30 IF(STRESS .GT. SIGC) 60 TO 40
S IGCSTRESS
RETURN

40 FELAS-O.39FPC
IF(XINT.EQ. 0.0 .AND. SIGC.LE. FELAS) RETURN
X INT=X INT+EC-SIGC/SLOPE
RETURN
END

C

C
C READS IN EXPERIMENTAL STRAIN DATA FROM 2 FILES

SUBROUTINE DATA (TEO.SEO, TE. SE ANS,NPTSO, NPTSI)
IMPLICIT INTEGER *2 (A-Z)
CHARACTERS 1 ANS
CHARACTERS1O FLNMI1 .FLNM2

REAL TEO SEO TEI SEI
DIMENSION TE(10),SE0(100),TEI(1O0),SEI(100)C

C SUBROUTINE TO READ EO & El DATA FILES
C

WRITE(6 ,)'ENTER EO GAGE FILENAME =>
READ(5,10) FLNMI

10 FORMAT(A10)
OPEN (8. FILE=FLNMI .STATUS-' UNKNOWN' ,ERR-20)
SOTO 30

20 WRITE(6.)'FILE OPEN ERROR: LINE 20'
30 IF (ANS .EQ. 's' .OR. ANS .EQ. 'S') GOTO 35

GOTO 50
35 DC 40 I= 100

READ(8,S.END = 70) SEO(I). TEO(I)
40 CONTINUE
50 DO 60 1-1,100

READ(8 ,$END=70) TEO(I). S;O(1)
60 CONTINUE
70 NPTSO = I-I

CLOSE (8)
W.RITE(6.)'ENER El FILENAME
READ(5 10) FLNM2
OPEN (8,FILE=FLNM2. STATUS=' UNKNOWN' .ERR=20)
IF (ANS .EQ. 's' .OR. ANS .EQ. 'S')GOTO 75
GOTO 90

;5 DO a() I1. I0
READ (8 *.END=11') SEI'I). TEI(1)

80 LUNTINUE
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90 DO 100 I=1.10)
READ (8.,END=II0) TEI(I), SEI(I)

100 CONT INUE
110 NPTSI = 1-1

CLOSE (B)
RETURN
END

C
CS11S*81*8s1S1s1*831811111S*885S*88*sSIs*1*1*51111ssgss esIsae111s*
C

SUBROUTINE INPUT (FPC. FY.H, D, DP. RHO. IFLAG. ANS. BPP. SH, RHOS)
IMPLICIT INTEGER 82 (I-N)
CHARACTERSI 1 ANS
WRITE(6, )'
WR ITE (6 .8 )' * 8* 1 1 S1 1 1 81 5 18 1 5 8S 8 ls $ 1 1 1 1 1 s1 8 sss5 .

WRITE(6 9)' CODE TO CALCULATE MOMENT-THRUST IN A CONC
&IRETE SECION'

WRITE(6,*)' FROI EXPERIMENTAL STRAINS'
WRITE:(, 1)' "855SSS$SSSSS*SSS$$85S$18S 8S*SSS*$

WRITE (6,8)'
WRITE(6,*)'NQTE: OUTPUT IS FOR A UNIT WIDTH OF THE SECTION
WRITE(6,*) '
WRITE(b *)'OVERALL THICKNESS (IN) =>
READ(5.$) H
WRITE(6 , *)* '
WRITE(8 *)'EFFECTIVE DEPTH (IN) >
READ(5,$) 0
WRITE(6, 8)'
WRITE(6 *)'STEEL RATIO EACH FACE >
READ(5 .) RHO
WRITE(I, 8)
WRITE ( 6. )'CONCRETE STRENGTH (PSI) >
READ(5,*) FPC
WRITE(6, )' '
WRITE(6 .)'STEEL YIELD STRENGTH (PSI) =>
READ(5.$) FY
WRITE (6,1)'
DP-H-D
WRITE(6.1)'STIRRUP SPACING (ENTER 0 IF NO STIRRUPS) =
READ(5, b)SH
WRITE(6,$)' "
IF (SN .EQo. 0) SOTO 10
WRITE(6 *)'WIDTH OF SECTION (IN) ->
READ(5 .)W
WRITE(L,8)'
WRITE(& *)'AREA OF STIRRUPS (ONE LEG ONLY), (SQ IN) >
READ1(5 UASTIR
WRITE(&.*)' "
WRITE(6,S)'CONCRETE COVER OVER STIRRUPS (IN.) >
READ (5.8) COV
WRITE (6, )"
BPP W W - COV$2
HPP - H - COV$2
RHOS - 2$ASTIRS (BPP+HPP) /BPPHPPSSH
GOTO 15

10 RHOS = 0.0
1!5 WRITE(6,8)'ENTER "1" TO NEGLECT STRAIN REVERSAL, "2" IF NOT =>

& IREAD(5.$) IFLAG

WRITE (6,)' "
WRITE(6 1;)'ENTER "D" FOR DYNAMIC OR "S- FOR STATIC DATA >
READ(5, (A)') ANS
WRITE(6,8) '
IF (ANS .EQ. 's' .OR. ANS .EQ. 'S') GOTO 20
WRITE(6,S)'ENTER DYNAMIC INCREASE FACTOR >
READ(5.3) DIF
WRITE(6, )"
FPC=FPCiDIF
FY=FYSDIF

20 RETURN
END

C

C
SUBROUTINE INTER(X XRAY YRAY.Y,NUM)
IMPLICIT INTEGER 12 (I-N)
DIMENSION XRAY(100),YRAY(100)

C
C SUBROUTINE TO LINEARLY INTERPOLATE FOR Y AT X FOR UP TO
C 100 GIVEN POINTS(XRAY(I),YRAY(I))
C-

N=O
DO I0 I=I.NUM
N=N+1
IF(X .GE. XRAY(I) .AND. X .LT. XRAY(I+1)) GO TO 20

10 CONTINUE
C

IF(X .GT. XRAY(NUM)) STOP 'RANGE OF DATA EXCEEDED IN INTER'
20 Y-YRAY(N)(X-XRAYN))(YRAY(N+)-YRAY(N))/(XRAY(N+) )RAY(N))

RETURN
END
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C

C
SUBROUTINE OVERLAY(NP.NCU)RVS.T, XM. THRUST)
IMPLICIT INTEGER $2 (I-N)
CHARACTER*l0 FLNM6

C DIMENSION T(5,locf.XM(5.100),THRUST(5,1oco

WRITE(6 )'ENTER MOMENT-THRUST OVERLAY FILENAME
READ (5. 1O*)FLNM6

10 FORMAT(A1O)
OPEN (8.FILE=FLNM6,STATUS='UJNKNOWN' .ERR=2O)
GOTO 30

20 WRITE(6.*)' FILE OPEN ERROR (MOMENT-THRUST OVERLAY)'
30 DO 40 1=1,NP

READ(8 *) XM(NCURVS,I), THRUST(NCURVS,I)
40 CONTIJNIE

CLOSE (8)
WRITE(6 )'ENTER THRUST-PRESSURE/TIME OVERLAY FILENAME =
READ(5. 10) FLNM6
OPEN (8 FILE-FLNM6, STATUS='UNKNOWN' ,ERR=50)
COTO 6

50 WRITE(6,S)' FILE OPEN ERROR (THRUST OVERLAY)'
60 DO 70 I=1,NP

READ(8.*) T(NCURVS.I), THRUST(NCURVS, I)
70 CONTINUE

CLOSE(S)
WRITE(6 )'ENTER MOMENT-PRESSURE/TIME OVERLAY FILENAME =>
READ(5.io10)FLNM6
OPEN (8.FILE=FLNM6, STATUS=' UNKNOWN' *ERR=80)
GOTO 90

80 WRITE(6.*)' FILE OPEN ERROR (MOMENT OVERLAY)
90 D0 100 I=1.NP

READ(B,*) T(NCURYS.I), XM(NCURVS,I)
100 CONTINUE

CLOSE (8)
RETURN
END

C

C
SUBROUTINE PFILE(NP T THRUST,XM,ANS)

C..CREATES (X.Y) PLOT 6AtA FILE
IMPLICIT INTEGER $2 (I-N)
CHARACTERS 1 ANS, ANS2
CHARACTER*10 FLNM3 FLNI4 FLNMS

CDIMENSION T (5, 100), XM(5, 100) ,THRUST (5, 100)

WRITE(6 )'ENTER MOMNT-THRUST OUTPUT FILENAME
READ(5. 10) FLNM3

10 FORMAT (A10)
OPEN (8.FILE'=FLNM3, STATUS=' UNKNOWN' ,ERR=20)
GOTO 30

20 WRITE (6*S)' FILE OPEN ERROR (MOMENT-THRUST)'
30 DO 40 1=1 NP

WRITE 48 $3 XM(1.I), TH-RUST(1.I)
40 CONT'INU

CLOSE (8)

IF (ANS .EQ. 'S' .OR. ANS .EO. 's') THEN
WRITE(6,*)' ENTER THRUST-PRESSURE FILENAME-
GOTO 50
ELSE
WRITE(6,*)' ENTER THRUST-TIME FILENAME
END I F

50 READ(5. 10)FLNM4
OPEN (8 F ILE=FLNM4,STATUS='UNKNOWN' .ERR=8u)
GOTO 76

60 WRITE(6,*) 'FILE OPEN ERROR (THRUST)'
70 DO 80 1 =1 NP

80 CONTINUE
CLOSE (8)

IF CANS .EU. 'S' .OR. ANS .EQ. 's') THEN
WRITE(6.8)' ENTER MOMENT-PRESSURE FILENAME =>
GOTO 90
ELSE
WRITE(6,*)' ENTER MOMENT-TIME FILENAME
END IF

90 READ(5. 10)FLNM5
OPEN (b FILE=FLNM5. STATUS= UNKNOWN' .ERR=100i)
GOTO10

100 WRITE(6.2)'FIL-E OPEN ERROR (MOMENT)'
110 DO 120 1 = .NP

WRITE (8.8) T (1.1) ,XM (l1 I)
120 CONTINU15

CLOSE (8)
C
C WRITE TO MOMENT-THRUST TO SCREEN

130 WRITE(6,t) '$*THRUST AND MOMENT VALUES FOR UNIo !nrTH OF SECTION**'
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WRITE (6. 8)'
IF (ANS .EQ. 'S' .OR. ANS .EQ. 's') THEN
WRITE(6,*)'PRESSURE.PSI THRUST.LBS. MOIIENT. IN-LBS.'
ELSE
WRITE(6,S)' TIME.SEC. THRUST,LBS. MOMENT..IN-LBS.'
END IF
DO 140 I=I.NP.5
WRITE(6 150) T(l.1), THRUST(1,I). XM(1.1)

140 CONTINUE
PAUSE 'PRESS <ENTER> TO CONTINUE'

150 FORMAT( 1XFIO.6,6X,FIO.2,6X,FIO. 2)
RETURN
END

CCSs5gs 88*3$5sz8*58s888$$*$$s$$$5 *888Sl885**8*8*Sls88$$s*S55*

SU3ROUTI NE STEEL(FL, FY.E, RHO, DEP,XINT,F,IIEREFRELE,STRESS,ORIG)
IMPLICIT INTEGER *2 (-N)
EY-FY/29000000.

C
IF (I .EQ. 1) RELE = E
IF (II .EQ. 1) EREF = E
IF (RELE .LT. 0.0) GOTO 10
IF (E .LT. EREF) GOTO 30
GOTO 20

10 IF (E .GT. EREF) GOTO 30
20 IF (-.00000001 .LT. ORIG .AND. .0000001 .GT. ORIG) GOTO 25

RELE = RELE + E - EREF
GOTO 26

25 RELE - E
26 EREF - E

GOTO 40
30 PRELE = RELE

RELE E-XINT
IF (EREF .LT. 0.0 .AND. RELE .GT. EY)THEN
EREF = E
ORIG = XINT
ELSE IF (EREF .GT. 0.0 .AND. RELE .LT. -EY)THEN
EREF - E
ORIG - XINT
ELSE IF (EREF .EQ.0.0) THEN
GOTO 35
ELSE
END IF
GOTO 40

-5 IF (PRELE .LT. 0.0 .AND. RELE .GT. 0.0) GOTO 36
IF (PRELE .GT. 0.0 .AND. RELE .LT. 0.0) GOTO 36
GOTO 40

36 EREF = E
DRIG = XINT

40 IF (IFLAG .EQ. 1) RELE = E
C

ABSE=ABS (RELE)
IF(ABSE .LE. EY) STRESS=2900O000.*ABSE
IF(ABSE .GT. EY .AND. ABSE .LE. .01) STRESS=FY
IFiIFLAG .EQ. 2 .AND. EREF .GE. 0.0) GOTO 50
IF(IFLAG .EQ. 2 .AND, EREF .LE. 0.0) GOTO 60
GOTO 65

50 IF(RELE .GT. 0.0 .AND. RELE - (EREF-XINT) .LT. -0.0X0001) THEN S
STRESS = 29000000. SRELE
GOTO 70
ELSE
END IF

bo' IF(RELE .LT. 0.0 .AND. RELE - (EREF-XINT) .GT. 0.000(K0l) THEN
STRESS = 29000000. 8 kELE
GOTO 70
ELSE
END IF

C
C CALCULATE PARAMETERS FOR. NONLINEAR PORTION

65 D=(0.75-FY/150000.)/4 055/10.2S9
C=-(165000. 8D+1./12000uJ.)
E.FY/15(u00O. +7. 05*10. $*95D+11.,/12.
A =F Y -1L)U00. $ B-I1000,0. S 10()(O. C -Iv'uO(,P(. 8838$D

C
ABSE = ABSES 1000000.0
STRES2=A+ABSEB+ABSESABSEaC+ABSES 8t38
,,ESE = ABSE/ 1010 0(). I-
IF(ABSE.GT. 0.01 .AND. ABSE.LT. 0.I) STRESS=STRES2
IF(ABSE .GE.O.1) STRESS=I.6*FY
IF(RELE .LT. 0.0) STRESS=-STRESS

70 IF (EREF .EQ. E) XINT = EREF - STRESS/2900XIC10
C -------------------------------------------------------------
C WRITE(6.* STRESS = .STRESS
C WITE(6.)'DEP= '.DEP
C----------------------------------------------------------------------------

F=RHOSDEPSSTRESS
C

RETURN
END
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SUBROUTINE SUM(IFLAG.xI..EO.FPC,H,XINTCFC.XMC.pp.SH..*OS)
IMPLICIT INTEGER *2 (I-N)
DIMENSION XINTC(100)
N-0
DX=H/ 100
SUM 1=0.
DO 100 1 = 1,199.2
X-I I*DX/2.
N-N*l
EC--(EDeXK*X)
IF(EC.GT.O.O) 130 TO 10
SISC-0. 0
GO TO 20

10 CALL CONC(FPC.ECXINTC(N),IFLAG,SIGC,BPP,S4.RHOS)
20 SUI11-SUM1+SIGC

SUM2-SUM2.XSSIGC
100 CONTINUE

FC--SUI SX
XMC--SJM2SDX
RETURN
END

C MENU OF OPTIONS FOR MOMENT-THRUST PROGRAM (27 FEB. 1987)
SUF-OUT INE MTMENU (OPT)
INI:.-ER OPT
CAL! CLRSCR
WRITE(*,'(/.2()X,'' OPTIONS'')')
WRITE (6, S)'
WRITE(*"'(/.'20X, ''1. Save Values to a Plot File'-)')
WRITE(S,'(/ 20X"''2. Plot Curve(W)')')
WRITE(*':(/,20X,''3. Plot Overlay Curve(s)'')')
WRITE( /'9/20X,''4. Run a Complete New Problem'")')
WRITE(*S'( /,20X,''5. Run W, th New Strain Data Only'')')
WRITE(*,'(/.20X.-6. Return to DOS'')')
WRITE 6,w
WRITE (6, 8)'
WRITEts 1(/ 2oX,'ENTER OPTION NUMBER -> -')1)
READ(5 1)OP+
CALL CLRSCR
RETURN
END
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Ac Cross-sectional area of concrete

b'' Width of confined core

Ca  Soil arching ratio

D Outside arch diameter

d Depth to tension steel

d' Depth to compression steel

Eh Strain hardening modulus

Es  Modulus of elasticity for steel reinforcing

Fc Force in concrete

Fs  Force in tensile steel

Fs' Force in compression steel

fe, Concrete strength

fu Ultimate stress

fy Steel yield strength

h Overall height of the concrete section

K Lateral earth pressure coefficient

k Stiffness

kx  Distance from compression face to Fc

M Bending Moment

m Mass

P Thrust

Po Ultimate thrust in pure compression

p Pressure

q Yc Ultimate resistance

R Roughness

RR Relative Roughness

r Arch radius

Sh Spacing of hoops

T Natural period

X Distance to neutral axis

Yelastic Deflection at ultimate resistance

a Interface friction angle

A Relative crown displacement

e c Concrete strainc
E h Strain at onset of hardening
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s' Compression steel strain

£s  Tensile steel strain

Ultimateu

e Soil friction angle

Ps  Ratio of volume of transverse reinforcement to volume of concrete
core

Pt  Total steel ratio

p Coulomb friction coefficient
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